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Abstract
Single-walled carbon nanotubes (SWCNTs) in their pristine form have high
thermal conductivity whose further improvement has attracted a lot of inter-
est. Some theoretical studies have suggested that the thermal conductivity of
a (10, 10) SWCNT is dramatically enhanced by C60 fullerene encapsulation.
However, recent experiments on SWCNT bundles show that fullerene encap-
sulation leads to a reduction rather than an increase in thermal conductivity.
Here, we employ three different molecular dynamics methods to study the in-
fluence of C60 encapsulation on heat transport in a (10, 10) SWCNT. All the
three methods consistently predict a reduction of the thermal conductivity of
(10, 10) SWCNT upon C60 encapsulation by 20%− 30%, in agreement with
experimental results on bundles of SWCNTs. We demonstrate that there
is a simulation artifact in the Green-Kubo method which gives anomalously
large thermal conductivity from artificial convection. Our results show that
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the C60 molecules conduct little heat compared to the outer SWCNT and re-
duce the phonon mean free paths of the SWCNT by inducing extra phonon
scattering. We also find that the thermal conductivity of a (10, 10) SWCNT
monotonically decreases with increasing filling ratio of C60 molecules.
1. Introduction
Single-walled carbon nanotubes (SWCNTs) [1, 2] are hollow structures
which allows encapsulation of various molecules in them. A good example
is C60 fullerene [3] insertion into a SWCNT forming the so-called carbon
nanopeapod (CNP) [4–13], where the nanotube acts as a pod and the en-
capsulated C60 molecules act as peas. Total energy electronic structure cal-
culations [6] indicate that the encapsulating process for C60 molecules into a
(10, 10) SWCNT is exothermic, which means that the resulting C60@(10, 10)
CNP is thermally stable. Strong modulation of electronic [7, 8] and optical
[9, 12] properties of SWCNTs by fullerene encapsulation has been demon-
strated.
A fundamental question concerns the influence of encapsulated molecules
on the transport properties of the nanotube. Here we focus on the issue
of classical thermal transport in the presence of encapsulated C60 [10, 14–
20]. This is a nontrivial question, because the extra C60 molecules provide
both additional conduction channels and enhanced scattering, whose effects
on the overall thermal conductivity are opposite to each other. This situa-
tion is different from previous studies on thermal transport in SWCNTs in
contact with external materials, where it has been demonstrated that inter-
actions with such external materials always lower the thermal conductivity
of SWCNTs [21–23].
Experimentally, Vavro et al. [10] measured the thermal conductivity of
a C60-filled carbon nanotube sample in the buckypaper form, which is found
to be about 20% higher than the case without C60 encapsulation. Theoreti-
cally, thermal transport properties of individual CNPs have been studied by
classical molecular dynamics (MD) simulations [14–17, 19, 20]. All of these
studies claimed an enhancement in thermal conductivity in individual CNPs
as compared to the corresponding SWCNTs. Two MD methods for ther-
mal conductivity calculations were employed in these works, including the
nonequilibrium MD (NEMD) method used in Refs. [14, 19] and the equilib-
rium MD (EMD) method used in Refs. [15–17, 20]. In contrast, Kodama
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et al. [18] have recently measured the thermal conductivity of CNP bundles
of diameter 5 to 30 nm and found it to be 35%− 55% smaller than that of
SWCNT bundles.
We note, however, that the recent experimental study [18] considered
CNP bundles and all the MD simulations [14–20] have considered individual
CNPs. The major difference between a single CNP and a CNP bundle con-
cerning phonon transport is that the phonons in one SWCNT within a CNP
bundle experience extra scattering from the other SWCNTs in the bundle,
in addition to the scattering from the encapsulated C60 molecules. Except
for this detail, the influences of the C60 molecules on an individual SWCNT
and on a SWCNT within a bundle should be at least qualitatively similar.
Therefore, it is still puzzling that conclusion from the MD simulations [14–
17, 19, 20] on individual CNP is opposite to that from the experiments on
a CNP bundle [18]. The NEMD simulations performed within the exper-
imental work [18] did support the experimental findings, but it has been
argued [18] that to obtain a thermal conductivity reduction, one must sig-
nificantly enlarge the σ parameter (up to 0.55 nm) in the standard 12 − 6
Lennard-Jones potential used to describe the intermolecular interactions be-
tween sp2 bonded carbon layers. Because the standard σ parameter (around
0.344 nm [24]) in the 12− 6 Lennard-Jones potential can well reproduce the
interlayer binding energy, interlayer spacing, and the c-axis compressibility
of graphene layers, it is also puzzling why a standard σ parameter cannot
explain the experimental results.
To clarify these issues, here we investigate thermal transport in individual
C60@(10, 10) CNP by using three different MD methods, including the afore-
mentioned EMD and NEMD methods and the homogeneous nonequilibrium
MD (HNEMD) method [25], all of which were implemented in an efficient
open-source graphics processing units molecular dynamics (GPUMD) pack-
age [26, 27]. The high efficiency of GPUMD allowed us to explore length
scales directly comparable to the experimental situations [18], which are in-
accessible to previous MD simulations. When properly implemented and
executed all these three methods give the same result: individual CNP has
smaller thermal conductivity than the corresponding SWCNT. Our results
reveal an artifact in EMD simulations in previous works [15–17, 20] which
can result in an anomalously large thermal conductivity. We also find that
the thermal conductivity of C60@(10, 10) CNP monotonically decreases with
increasing filling ratio of C60 molecules. Furthermore, the spectral mean
free paths for the acoustic phonons in C60@(10, 10) CNP calculated using
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the spectral decomposition method [25] are found to be significantly smaller
than those in (10, 10) SWCNT, reflecting the extra scattering on the acoustic
phonons in (10, 10) SWCNT by the encapsulated C60 molecules. Our results
can explain the experimental findings [18] without assuming an artificially
large σ parameter in the 12 − 6 Lennard-Jones potential and highlight the
importance of length scales in determining the phonon transport physics.
2. Models and MD simulation details
Figure 1: Schematic illustration of the models used in the MD simulations: (a)
a segment of a 40 nm long (10, 10) SWCNT; (b) a segment of a 40 nm long
C60@(10, 10) CNP; (c) radii of the C60 molecule and the SWCNT and their relative
distance; (d) length of a unit cell in a C60@(10, 10) CNP; (e) different C60 filling
ratios. In (e), CNP means CNP with a C60 filling ratio of 100%.
2.1. Models of carbon nanotube and nanopeapod
Figure 1 shows schematically the models studied in this work. Figures
1(a) and (b) show a segment of a (10, 10) SWCNT and a C60@(10, 10) CNP,
respectively. One of the goals of this work is to determine which of these
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two structures has a higher thermal conductivity. Figure 1(c) represents
a view along the tube, where the radii of a C60 molecule and the outer
SWCNT and their relative distance are indicated. Figure 1(d) represents a
view perpendicular to the tube, where the length of a unit cell is indicated.
The structure shown in Fig. 1(b) consists of 40 unit cells, which is about 40
nm long. Figure 1(e) shows the structures of CNPs with different filling ratios
of C60 molecule: 100% to 25% from top to bottom. When we refer to CNP
without mentioning the filling ratio, a filling ratio of 100% is understood.
The simulation cell length was chosen to be about 40 nm for EMD and
HNEMD simulations, as shown in Figs. 1(a) and (b), where periodic bound-
ary conditions should be applied to the transport direction. This simulation
cell is sufficiently long to eliminate finite-size effects in these methods and
the computed thermal conductivity can be regarded as that for an infinitely
long system. In contrast, systems with different lengths and non-periodic
boundary conditions in the transport direction were considered in the NEMD
simulations, as will be detailed in Sec. 3.1. All the numerical samples (files
with the coordinates of the atoms) can be found from the Supplementary
Materials.
The choice of the cross-sectional area S for both SWCNT and CNP, which
is needed in all the MD methods for thermal conductivity calculations, is
by no means unique. However, it is conventional to choose it as 2πRh for
SWCNT, where R is the radius of the tube and h = 0.335 nm [28]. To
facilitate comparison, S for CNP is usually also chosen as the same as that
for SWCNT [14–17, 19, 20], ignoring the fact that the CNP is not hollow. In
this paper, we have followed these conventions.
2.2. MD simulation details
In our MD simulations, the optimized Tersoff potential [29] was used to
describe the C-C covalent bonds, and the intermolecular van der Waals inter-
actions were described by the 12−6 Lennard-Jones potential with parameters
ǫ = 2.62 meV and σ = 0.344 nm [24]. Because the equilibrium bond length
in graphene calculated from the optimized Tersoff potential [29] is about 1.44
A˚ instead of the correct value of 1.42 A˚, we have scaled two relevant length
parameters in this potential by the same amount to correct the bond length,
without affecting any other physical properties predicted by this potential
for single-layer graphene. These potentials have been implemented in the
open-source GPUMD package [26, 27], which is the software we used to per-
form the MD simulations. In all the MD simulations, the velocity-Verlet
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integration algorithm [30] with a time step of 1 fs was used. In all the three
MD methods used in this work, the same equilibration procedure was used:
the system is first equilibrated at 10 K and zero pressure for 1 ns, and then
heated up to 300 K during 1 ns, followed by an NPT equilibration at 300
K and zero pressure for 1 ns and an NV T equilibration at 300 K for 1 ns.
That is, we only study thermal transport in SWCNT and CNP at 300 K
and zero pressure, which is the normal experimental situation [18]. The data
production procedures for different MD methods are described later.
We do not include the thermal conductivity from electrons (holes), which
is quite small compared to that from phonons. The electrical conductivity
is of the order of 105 S/m in both SWCNT and CNP [18]. This corresponds
to an electronic thermal conductivity of the order of 1 W/mK according to
the Wiedemann-Franz law, which can be violated but usually not to a large
degree. Therefore, the electronic thermal conductivity can be safely ignored
in this study.
3. Results and discussion
3.1. Results from NEMD simulations
We first use the NEMD method to compute the thermal conductivity of
both SWCNT and CNP. For both structures, we consider six samples with
different lengths. For CNP, each sample is evenly divided into 44 groups,
with each group containing 1, 2, 4, 8, 16 and 32 unit cells (see Fig. 1(d) for
the definition of a unit cell in CNP). Removing the C60 molecules in the CNP
samples gives the corresponding SWCNT samples. In each sample, atoms
in the 1st and the 44th groups are fixed (immobilized) to simulate adiabatic
walls. A local Langevin thermostat is applied to the 2nd group of atoms
with a higher temperature of 310 K and another local Langevin thermostat
is applied to the 43th group of atoms with a lower temperature of 290 K.
That is, groups 2 and 43 act as heat source and sink, respectively. The length
of a sample L is defined as the length of the middle 40 groups, ranging from
about 40 nm to about 1280 nm for the six samples.
After the equilibration procedure as described in Sec. 2.2, the global
thermostats are switched off and the local Langevin thermostats are applied
for 20 ns. In all the samples, a steady state can be well achieved within
the first 10 ns and we thus used the second 10 ns for sampling the heat
flux Q/S generated by the imposed temperature difference ∆ (T = 20 K).
Here, Q is the energy exchange rate between the thermostat and the atoms
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in the thermostatted region and S is the cross-sectional area. The thermal
conductivity of a sample of length L is then computed as [31]
κ(L) =
Q/S
∆T/L
. (1)
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Figure 2: Thermal conductivity κ for (10, 10) SWCNT and C60@(10, 10) CNP
at 300 K and zero pressure as a function of the system length L from NEMD
simulations. The results by Sa¨a¨skilahti et al. for (10, 10) SWCNT are taken from
Ref. [32].
The calculated thermal conductivity values for SWCNT and CNP samples
are shown in Fig. 2. All the calculated thermal conductivity values are also
listed in Table 1. The NEMD results by Sa¨a¨skilahti et al. [32] are also
shown in Fig. 2 for comparison. Error bars (from two independent runs)
are shown, but they are smaller than the marker size, reflecting the high
statistical accuracy of the results. Our results for SWCNT agree with those
by Sa¨a¨skilahti et al. [32] very well. An important observation is that the
thermal conductivity of the CNP is lower than that of the SWCNT of the
same length, and the difference increases with increasing length. For a system
length of 1280 nm, the thermal conductivity of the CNP is about 20% lower
than that of the SWCNT, and we expect that the amount of reduction will
be even larger for infinitely long systems, as we will see from the EMD and
HNEMD results below. We also considered different temperatures and a
(11, 11) SWCNT (Fig. 3), and the conclusion is the same. Previous NEMD
simulations [14, 19] suggested that the thermal conductivity of the CNP is
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Table 1: Calculated thermal conductivity κ (in units of W/mK) of C60@(10, 10)
CNP and (10, 10) SWCNT from our NEMD, EMD, and HNEMD simulations. L
(in units of nm) is the simulation cell length in the EMD and HNEMD simulations
and is the system length (excluding fixed and thermostatted regions) in the NEMD
simulations. M is the number of independent runs. There is a missing entry for
EMD simulations of (10, 10) SWCNT, because results from Ref. [25] will be used.
Method L M κ of CNP κ of SWCNT
NEMD 40 2 249± 1 257± 1
80 2 434± 2 461± 2
160 2 643± 2 705± 6
320 2 828± 4 944± 1
640 2 967± 6 1170± 20
1280 2 1080± 10 1358± 6
EMD 40 50 1600± 100
HNEMD 40 10 1540± 30 2130± 40
higher, but the system length considered was about 20 nm [14] or up to about
80 nm [19] only, and the conclusion is not guaranteed to be valid for longer
systems.
3.2. Results from EMD simulations
In the EMD method, the thermal conductivity κ in the transport direction
(taken as the x direction) as a function of the correlation time t is computed
using a Green-Kubo relation [33, 34]:
κ(t) =
1
kBT 2V
∫ t
0
〈Jx(0)Jx(t
′)〉dt′. (2)
Here, kB is the Boltzmann constant, T is temperature, V is system volume,
and 〈Jx(0)Jx(t
′)〉 is the heat current autocorrelation function. Heat current
for many-body potentials has been derived in detail in Ref. [35], which can
be expressed as
~J =
∑
i
~viEi +
∑
i
∑
j 6=i
~rij
∂Uj
∂~rji
· ~vi ≡ ~J
con + ~Jpot, (3)
where Ui, Ei, ~vi, ~ri are the potential energy, total energy, velocity, and po-
sition of particle i, and ~rij ≡ ~rj − ~ri. The first term is called the convective
term and the second term the potential term.
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Figure 3: Thermal conductivity of two types of SWCNTs and the corresponding
CNPs with a length of 640 nm at different temperatures from NEMD simulations.
After achieving equilibrium using the procedure as described in Sec. 2.2,
we sample the heat current in the NV E ensemble for 10 ns and use the
Green-Kubo formula to calculate the thermal conductivity as a function of
the correlation time. The results for a C60@(10, 10) CNP at 300 K and zero
pressure are shown in Fig. 4. It can be clearly seen that the average (from
50 independent runs) of the thermal conductivity converges well between 0.6
ns and 1 ns, and we thus calculated the thermal conductivity of the CNP
from this time interval, which is κ ≈ 1600 ± 100 W/mK. Using a similar
EMD simulation and the same GPUMD code, the thermal conductivity of
a (10, 10) SWCNT has been calculated to be κ ≈ 2200 ± 100 W/mK [25].
Therefore, in the limit of infinite length, our EMD simulations predict a
reduction of about 30% of the thermal conductivity of a (10, 10) SWCNT with
C60 encapsulation. This is consistent with our NEMD results for the longest
sample. Extrapolating the NEMD results to infinite length would make the
EMD and NEMD results agree with each other quantitatively, as it should
be [36]. In contrast, all the previous EMD simulations [15–17, 20] predicted
a dramatic enhancement of thermal conductivity of a (10, 10) SWCNT with
C60 encapsulation.
To understand the origin of the discrepancy, we examine the differences
in the simulations. The first difference comes from the empirical potentials
for the covalent C-C bonds. Kawamura et al. [15] used the first-generation
Brenner potential [37], Cui et al. [16, 17] and Li et al. [20] used the second-
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Figure 4: Running thermal conductivity for C60@(10, 10) CNP at 300 K and
zero pressure as a function of correlation time. The thin solid lines represent the
results from 50 independent runs, and the thick solid and dashed lines represent
the average and error bounds from the 50 independent runs.
generation Brenner potential (also called the REBO potential) [38], while we
have used the optimized Tersoff potential [29]. From the literature results
[29, 35], it is known that the optimized Tersoff potential gives higher thermal
conductivity for SWCNTs than both generations of the Brenner potential.
The second difference comes from the fact that some previous works [16, 17,
20] used the LAMMPS package [39], which has an incorrect implementation
of the heat current for many-body potentials [35, 40–42]. This incorrect heat
current also has an overall effect of underestimating the thermal conductivity
of a low-dimensional material described by a many-body potential [35]. The
above two differences can explain why Cui et al. [16, 17] and Li et al. [20]
obtained much lower thermal conductivity for the (10, 10) SWCNT than ours.
However, these differences are not likely to be the reason for the conflicting
results regarding the effects of the C60 molecules on the thermal conductivity
of the (10, 10) SWCNT because they should affect the thermal conductivity
of both the SWCNT and the CNP in a similar way.
We note that all the previous works using the EMD method [15–17, 20]
attributed the thermal conductivity enhancement by C60 encapsulation to
a large contribution from mass transfer, or the convective term of the heat
current. To elaborate on this possibility, we plot in Fig. 5 the thermal
10
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Figure 5: The convective and cross components of the running thermal con-
ductivity for a C60@(10, 10) CNP at 300 K and zero pressure as a function of
correlation time. The results have been averaged over 50 independent runs. See
text for details.
conductivity component contributed solely by the convective heat current
κcon(t) =
1
kBT 2V
∫ t
0
〈Jconx (0)J
con
x (t
′)〉dt′ (4)
and a crossterm between the convective and the potential heat currents
κcro(t) =
2
kBT 2V
∫ t
0
〈Jconx (0)J
pot
x (t
′)〉dt′. (5)
These two components are calculated to be κcon ≈ 0.1 ± 1.3 W/mK and
κcro ≈ 0.1 ± 1.2 W/mK, respectively, which can be regarded as essentially
zero. That is, our EMD results suggest that there is little convective heat
transport in a C60@(10, 10) CNP, which is expected for heat transport in
stable solids. This is consistent with the fact that C60@(10, 10) CNP is a
thermally stable solid-like structure [6]. In Sec. 3.4, we will show that the
strong convective heat transport as observed in previous EMD simulations
originates from a simulation artifact. Before showing this, we first discuss
the results obtained using the HNEMD method in Sec. 3.3.
3.3. Results from HNEMD simulations
Our third MDmethod for thermal conductivity calculations is the HNEMD
method first proposed by Evans et al. [43, 44] in terms of two-body poten-
tials. Recently, this method was extended to general many-body potentials
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Figure 6: Cumulative average of the thermal conductivity κ of (a) a C60@(10, 10)
CNP and (b) a (10, 10) SWCNT at 300 K and zero pressure as a function of time.
In each panel, the thin lines are from ten independent runs, and the thick solid
and dashed lines represent the average and error bounds from the individual runs.
[25]. In this method, after equilibration (see Sec. 2.2), an external driving
force
~F exti = Ei
~Fe +
∑
j 6=i
(
∂Uj
∂~rji
⊗ ~rij
)
· ~Fe (6)
is applied to each atom i to push “hotter” atoms to the heat transport
direction and pull “colder” atoms to the opposite direction, while keeping
the overall temperature of the system around the target one using a global
thermostat (e.g., the Nose´-Hoover thermostat [45, 46]). When the driving
force parameter (of dimension of inverse length) ~Fe is along the x direction
(tube direction), a nonzero heat current Jx(t) will be generated, and its
steady-state nonequilibrium ensemble average 〈Jx(t)〉ne will be proportional
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to the magnitude of the driving force parameter Fe, with the proportionality
coefficient being essentially the thermal conductivity:
κ =
〈Jx〉
TV Fe
=
〈Jpotx 〉+ 〈J
con
x 〉
TV Fe
≡ κpot + κcon. (7)
Note that the thermal conductivity calculated in the HNEMD method can
be naturally decomposed into components according to the heat current de-
composition [25], which is physically equivalent to the decomposition in the
Green-Kubo formalism [47]. In the HNEMD simulations, we choose a suffi-
ciently small value of Fe = 0.05 µm
−1 to ensure the validity of linear response
theory, which is the theoretical foundation of the HNEMD method. The sim-
ulation cell in the HNEMD method is the same as that in the EMD method
[25].
It is conventional to examine the cumulative average of the thermal con-
ductivity as a function of time in the production stage [25, 48–51]. The results
for a C60@(10, 10) CNP and a (10, 10) SWCNT are shown in Figs. 6(a) and
6(b), respectively. The averaged (from 10 independent runs) thermal con-
ductivity converges to κ ≈ 1540 ± 30 W/mK for C60@(10, 10) CNP and to
κ ≈ 2130± 40 W/mK for (10, 10) SWCNT. The thermal conductivity of the
C60@(10, 10) CNP is about 30% smaller than that of the (10, 10) SWCNT,
consistent with the EMD results. The thermal conductivity component due
to the convective part of the heat current is κcon ≈ 0.3±5.7 W/mK, which is
essentially zero in agreement with the EMD simulations. Note that the total
production time in the HNEMD simulations is shorter than that in the EMD
simulations and the statistical error is smaller, reflecting the higher efficiency
of the HNEMD method over EMD [25, 50, 51].
3.4. An artifact in the EMD simulations
The results from NEMD, EMD, and HNEMD as presented above have all
confirmed that C60 encapsulation reduces rather than enhances the thermal
conductivity of the (10, 10) SWCNT, contrary to the conclusions from pre-
vious EMD results [15–17, 20]. All these works have attributed the thermal
conductivity enhancement in their calculations to a large convection, while
our EMD and HNEMD results show that there is little convective thermal
transport in C60@(10, 10) CNP. Below, we show that the difference is likely
due to a simulation artifact in the previous works.
As have been observed experimentally [18] and predicted theoretically [6],
the C60@(10, 10) CNP structure is thermally stable. That is, the encapsu-
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Figure 7: Running thermal conductivity components for a C60@(10, 10) CNP at
300 K and zero pressure as a function of correlation time calculated in EMD sim-
ulations with a dynamic neighbor list, where relative translation between the C60
molecules and the (10, 10) SWCNT occurs. The “convective” and “cross” compo-
nents were calculated according to Eqs. (4) and (5). The “potential” component
was computed using a similar formula as in Eq. (4) but with Jconx being changed
to Jpotx . The “total” thermal conductivity is the sum of all the components.
lated C60 molecules only oscillate around their equilibrium positions and do
not travel through the (10, 10) SWCNT. However, we found that if the neigh-
bor list is dynamically updated during the MD simulation, the C60 molecules
do travel through the (10, 10) SWCNT. The calculated thermal conductiv-
ity in this case using the EMD method is indeed much larger than that in
(10, 10) SWCNT, as can be seen from Fig. 7. With the presence of the rel-
ative translation between the C60 molecules and the (10, 10) SWCNT, there
is an anomalous contribution from convection (mass transfer) to the ther-
mal conductivity, as has been observed in several previous EMD simulations
[15–17, 20] as well.
The reason for the translation of the C60 molecules inside the tube dur-
ing the MD simulation is that the 12 − 6 Lennard-Jones potential used for
modelling the interlayer interactions cannot properly describe the friction
between the layers: it underestimates the energy barrier associated with the
relative translation between two sp2 bonded carbon layers [52]. A more accu-
rate empirical potential has been developed [52], but it is specific to bilayer
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graphene, which cannot be directly applied to the C60@(10, 10) CNP struc-
ture. Fortunately, there is a simple trick to suppress the relative translation
between the C60 molecules and the tube, i.e., using a static neighbor list
during the MD simulation. This will create an effective energy barrier for
relative translation between two carbon layers, preventing the C60 molecules
from flowing inside the tube. Our NEMD, EMD, and HNEMD results pre-
sented in the previous sections were obtained by using a static neighbor list
and no relative translation were observed.
0 500 1000 1500
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200
400
600
800
1000
1200
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Figure 8: Thermal conductivity κ for a C60@(10, 10) CNP at 300 K and zero
pressure as a function of the system length L from NEMD simulations with either
a dynamic or a static neighbor list.
Using a static neighbor list also does not introduce inaccuracies in ther-
mal conductivity calculations. As a demonstration, we repeat the NEMD
simulations for a C60@(10, 10) CNP using a dynamic neighbor list. Because
there are fixed groups at the two ends of the NEMD simulation setup, there
is no relative translation between the C60 molecules and the tube using either
a static or a dynamic neighbor list. Figure 8 shows that there is no noticeable
difference in the calculated thermal conductivity in these two cases. We note
that although the 12 − 6 Lennard-Jones potential cannot properly describe
interactions parallel to the layers, it accounts for the interactions normal to
the layers reasonably well. Using the optimized Tersoff potential and the
interlayer 12 − 6 Lennard-Jones potential, the decreasing trend of thermal
conductivity from single-layer graphene to bulk graphite has been demon-
strated [53]. It has been argued [18] that to obtain a thermal conductivity
reduction in a (10, 10) SWCNT upon C60 encapsulation, one must assume
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a very large σ parameter (up to 0.55 nm) in the 12 − 6 Lennard-Jones po-
tential. However, our results show that a normal value of σ = 0.344 nm
from standard DFT calculations [24] can explain the thermal conductivity
reduction, if one considers system lengths comparable to those measured in
the experiments [18] (of the order of one micron) instead of short ones (20
nm [14], 40 nm [18] or 80 nm [19]) where the phonon transport in a (10, 10)
SWCNT is essentially ballistic and insensitive to extra scatterings from the
C60 molecules. The importance of length scales in determining the phonon
transport physics will be further explored below.
3.5. Physical mechanisms for thermal conductivity reduction
After confirming that C60 encapsulation reduces rather than enhances the
thermal conductivity of a (10, 10) SWCNT, we next explore the underlying
physical mechanisms. There are two opposite effects of the C60 molecules
on the heat transport in the C60@(10, 10) CNP structure. On one hand, the
molecules introduce more conduction channels by filling the interior space of
the tube, which can potentially enhance the overall thermal conductivity. On
the other hand, phonons in the SWCNT will experience enhanced scattering
from the C60 molecules, which can reduce the thermal conductivity of the
SWCNT. The question is which of these two effects is stronger.
To determine the contribution of the C60 molecules to the overall thermal
conductivity, we use the HNEMD method and apply a spatial decomposition
of the total heat current. Similar to Eq. (7), where the total heat current
in a C60@(10, 10) CNP is decomposed into a potential part and a convective
part, we can decompose the total heat current into a part from the SWCNT
〈JSWCNTx 〉ne and a part from the molecules 〈J
C60
x 〉ne, and the total thermal
conductivity of C60@(10, 10) CNP can be decomposed accordingly:
κ = κSWCNT + κC60 ≡
〈JSWCNTx 〉ne + 〈J
C60
x 〉ne
TV Fe
. (8)
To be complete, here we also consider different filling ratios of the C60
molecules in the HNEMD calculations.
Figure 9 shows that for all the filling ratios, the thermal conductivity
contribution from the C60 molecules is negligible. This can be understood
from the fact that heat transport though the C60 molecules is determined
by the intermolecular van der Waals interactions, which are orders of mag-
nitude weaker than the covalent interactions in the SWCNT. Therefore, the
16
(a)
SWCNT
0 25% 50% 75% 100%
filling ratios
0
500
1000
1500
2000
 
(W
/m
K)
(b)
C60 molecules
25% 50% 75% 100%
filling ratios
-1
0
1
2
3
 
(W
/m
K)
Figure 9: Thermal conductivity κ for a C60@(10, 10) CNP with different filling
ratios contributed by (a) the (10, 10) SWCNT and (b) the C60 molecules calculated
using the HNEMD method with Eq. (8).
extra conduction channels provided by the C60 molecules do not lead to a
significant enhancement of the heat transport capability due to the weak in-
termolecular forces. From Fig. 9, we also see that the thermal conductivity of
a C60@(10, 10) CNP decreases (with a decreasing rate, though, similar to the
trend of thermal conductivity reduction in graphene with increasing degree
of functionalization [54]) with increasing filling ratio of the C60 molecules,
which reflects the fact that more C60 molecules induce stronger scatterings
of the phonons in the SWCNT.
To make the analysis more quantitative, we further examine the phonon
mean free path spectrum in both the (10, 10) SWCNT and the C60@(10, 10)
CNP, employing the spectral decomposition method developed in Ref. [25].
In this method, one first calculates the spectral conductance G(ω) in the
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Figure 10: (a) The force-velocity correlation function K(t) as a function of cor-
relation time t and (b) the phonon mean free path spectra λ(ω) as a function of
phonon frequency ω/2pi in (10, 10) SWCNT and C60@(10, 10) CNP, calculated in
the diffusive transport regime. The results for (10, 10) SWCNT were taken from
Ref. [25].
ballistic regime (using an NEMD simulation) and the spectral thermal con-
ductivity κ(ω) in the diffusive regime (using an HNEMD simulation), and
then compute the spectral phonon mean free path as λ(ω) = κ(ω)/G(ω). The
calculations of G(ω) and κ(ω) involves a force-velocity correlation function
evaluated in nonequilibrium steady state:
K(t) =
∑
i
∑
j 6=i
〈
xij(0)
∂Uj
∂~rji
(0) · ~vi(t)
〉
ne
. (9)
This can be calculated in either NEMD and HNEMD simulations and G(ω)
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and κ(ω) can be calculated from the Fourier transform K˜(ω) of K(t):
G(ω) =
2K˜(ω)
V∆T
; (10)
κ(ω) =
2K˜(ω)
TV Fe
. (11)
For more technical details, we refer to Refs. [25, 32, 55].
Figure 10(a) shows the force-velocity correlation functions K(t) of a
(10, 10) SWCNT and a C60@(10, 10) CNP calculated within the HNEMD
simulations in the diffusive regime. The corresponding phonon mean free
path spectra λ(ω) are shown in Fig. 10(b). For phonon frequencies ω/2π < 1
THz or ω/2π ∼ 10 THz, λ(ω) in the C60@(10, 10) CNP is significantly smaller
than that in the (10, 10) SWCNT. The reduced λ(ω) at ω/2π ∼ 10 THz
can account for the reduced thermal conductivity (by about 20%) in our
NEMD simulations, where the systems length is of the order of one micron,
comparable to the λ(ω) values at these frequencies. The reduced λ(ω) for
ω/2π < 1 THz contributes to the larger thermal conductivity reduction (by
about 30%) as observed in our EMD and HNEMD simulations, where the
“system length” should be considered as infinite. Importantly, when the sys-
tem length < 0.1 µm, which is in the ballistic limit, λ(ω) in both structures
are comparable and one cannot observe a thermal conductivity reduction of
the (10, 10) SWCNT upon C60 encapsulation.
4. Summary and Conclusions
In summary, we have employed extensive MD simulations with three dif-
ferent versions of the method to demonstrate that the thermal conductivity of
a (10, 10) single-walled carbon nanotube can be significantly reduced by C60
fullerene encapsulation. An artifact in simulations based on the Green-Kubo
formula was revealed, which has perivously led to a significant overestimation
of the thermal conductivity with encapsulated fullerene. Using spatial and
frequency decomposition techniques, we have found that the encapsulated
C60 molecules conduct little heat but induce extra scattering of the phonons
in the outer (10, 10) nanotube, which reduces the phonon mean free paths
and the thermal conductivity of the nanotube.
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